Recently a time difference measurement system was developed i n the Frequency & Time Standards Section o f the National Bureau o f Standards and independently a t the National Research Council which shows more than three orders of magnitude improvement over that which is currently available comnercially. Current state-ofthe-art time difference measurement devices have specified accuracies of about 1 nanosecond. Measurement p r e c i s i o n and potential accuracy o f b e t t e r t h a n 1 picosecond has been demonstrated i n t h i s new time difference measuring device. This has s i g n i f i c a n t i m p l i c a t i o n s i n frequency and time metrology using: state-of-the-art frequency standards and clocks. A b r i e f r e p o r t was given on t h i s measurement system a t t h e PTTI Planning Meeting a t t h e Naval Research Laboratory on the 5th o f December 1974. This paper w i l l g i v e more d e t a i l e d c i r c u i t diagrams necessary t o b u i l d up such a measurement system. T h i s p a r t i c u l a r measurement system has t h e advantage that i t can measure time differences with accurac i e s o f a few picoseconds and w i t h r e p e t i t i o n r a t e s ranging from a few m i l l i s e c o n d s t o as slow a r e p e t i t i o n r a t e as would be desirable, thus expanding convenient measurement o f ti me domain s t a b i l i t i e s o f frequency and time standards over several decades w i t h o n l y one measurement system. The system i s also very amenable t o s e l f -c a l i b r a t i o n and s e l f -n o i s e a n a l y s i s . S p e c i f i c a l l y , a f r a c t i o n a l f r e q u e n c y s t a b i l i t y o f a b o u t 10 l 6 was measured f o r t h e n o i s e o f t h i s measurement system a t a sample t i m e o f io3 S .
given on t h i s measurement system a t t h e PTTI Planning Meeting a t t h e Naval Research Laboratory on the 5th o f December 1974. This paper w i l l g i v e more d e t a i l e d c i r c u i t diagrams necessary t o b u i l d up such a measurement system. T h i s p a r t i c u l a r measurement system has t h e advantage that i t can measure time differences with accurac i e s o f a few picoseconds and w i t h r e p e t i t i o n r a t e s ranging from a few m i l l i s e c o n d s t o as slow a r e p e t i t i o n r a t e as would be desirable, thus expanding convenient measurement o f ti me domain s t a b i l i t i e s o f frequency and time standards over several decades w i t h o n l y one measurement system. The system i s also very amenable t o s e l f -c a l i b r a t i o n and s e l f -n o i s e a n a l y s i s . S p e c i f i c a l l y , a f r a c t i o n a l f r e q u e n c y s t a b i l i t y o f a b o u t 10 l 6 was measured f o r t h e n o i s e o f t h i s measurement system a t a sample t i m e o f io3 S .
I n t r o d u c t i o n & Perspective
When making measurements between a p a i r o f f r equency standards or clocks, i t i s o f t e n d e s i r a b l e t o have l e s s n o i s e i n t h e measurement system than the composite noise i n t h e p a i r o f standards being measured. This places stringent requirements on measurement systems as the state-of-the-art of precision frequency & time standards has advanced t o i t s c u r r e n t l e v e l .
[l! As w i l l be shown, perhaps one of the greatest areas of d i s p a r i t y between measurement system noise and the noise i n c u r r e n t s t a n d a r d s i s i n t h e a r e a o f t i m e d i f f e r e n c e measurements. Comnercial equipment can measure time differences to about 10-los, b u t t h e t i m e f l u c t u a t i o n s -second t o second -o f s t a t e -o f -t h e -a r t s t a n d a r d s i s as good as 10-13s.
The d i s p a r i t y i s u n f o r t u n a t e because i f t i m e d i fferences between two standards could be measured w i t h adequate precision then
one may a l s o know the time fluctuations, the frequency differences, and the frequency f l u c t u a t i o n s . I n f a c t , one can s e t up an i n t e re s t i n g h i e r a r c h y o f k i n d s o f measurement systems: 1 ) those that can measure time; x ( t ) ; 2) those that can measure changes i n t i m e o r t i m e f l u c t u a t i o n s 6 x ( t ) ;
3) and 4 ) those that can measure changes i n frequency o r those t h a t can measure frequency, V ( y 7 ( + v o ) / W O 1; frequency fluctuations , 6v (6y f 6v/v, ) . As depicted i n Table 1 i f a measurement system i s of s t a t u s 1 i n this hierarchy, i.e., i t can measure t i m e , then time fluctuations, frequency and frequency fluctuations can be deduced. However, i f a measurement system i s o n l y capable o f measuring time fluctuations (Status 2 - Table l ) , then neither time nor t i m e f l u c t u a t i o n s may be deduced w i t h f i d e : i t y because e s s e n t i a l l y a l l commercial frequency measuring devices have "dead time" (technology i s a t a p o i n t where t h a t may soon chan e with data processing speeds t h a t a r e now avai 1 able?. Dead t i m e i n a frequency measurement destroys the opportunity of integrating the fractional frequency t o g e t t o " t r u e " t i m e f l u c t 2 a t i o n s .
O f course, i f frequency can be measured, t h e n t r i v i a l l y one may deduce the frequency fluctuations. Finally, i f a system can o n l y measure frequency fluctuztions (Status 4 - Table l) , then neither time, nor time fluctuations, nor frequency can be deduced from the data. If t h e f r e q u e n c y s t a b i l i t y i s t h e p r i m a r y concern then one may be p e r f e c t l y happy t o employ such a measurement system, and s i m i l a r l y f o r t h e o t h e r s t a t u s e s i n t h i s measurement hierarchy. Obviously, if a measurement method o f S t a t u s 1 could be employed w i t h s t a t e -o f -t h e -a r t p r e c i s i o n , t h i s w o u l d p r o v i d e t h e g r e a t e s t f l e x i b i l i t y i n d a t a p r o c e s s i n g .
The dual mixer time difference system set forth in this paper i s purported to be such a method. Before discussing this method i n d e t a i l , we w i l l b r i e f l y r e v i e w t h e o t h e r measurement method examples o f Table 1. The measurement method example o f S t a t u s 2 i n Table 1 i s shown i n block diagram i n Figure 1 . This method -as described elsewhere [2-61 -has proved very useful in analyzing the spectral density, S ( f ) , o f t h e phase ( t i m e ) f l u c t u a t i o n s i n p r e c i s i o n o s c i ll a t o r s ; @ i s t h e phase i t -. radians and f i s t h e F o u r i e r frequency. W e use "phase ( t i m e ) " because they are l i n e a r l y and simply related by: cp where v. i s t h e o s c i l l a t o r ' s nominal carrier frequency.
The "keystone" i n a l l t h e s t a t e -o f -a r t measurement systems reviewed i n t h i s paper i s the low-noise Schottky barrier diode mixer.
The signal from an o s c i ll a t o r under t e s t i s f e d i n t o one p o r t o f a m i x e r . The signal from a r e f e r e n c e o s c i l l a t o r i s f e d i n t o t h e o t h e r p o r t o f t h i s m i x e r .
The s i g n a l s a r e i n q u a d r a t u r e , t h a t i s , t h e y a r e 90 degrees o u t o f phase so t h a t t h e average voltage out of the mixer is nominally zero, and the instantaneous voltage corresponds to phase fluctuations rather than to the amplitude fluctuations between t h e two s i g n a l s . The o u t p u t o f t h i s m i x e r i s fed through a low pass f i l t e r and them a m p l i f i e d i n a feedback loop, causing the voltage controlled oscillator ( r e f e r e n c e ) t o be phase l o c k e d t o t h e t e s t o s c i l l a t o r . The gain i s a d j u s t e d t o o b t a i n a very loose phase lock condition. For 'times shorter than the attack time of the loop a v o l t a g e f l u c t u a t i o n w i l l be p r o p o r t i o n a l t o a phase o r t i m e f l u c t u a t i o n w h i c h i s equivalent to the c o n d i t i o n where the oscillators are "free Funning" (the attack t i m e i s the inverse o f 271 times the unity gain bandwidth o f the loop).
In turn the output of the low n o i s e a m p l i f i e r may be fed t o a spectrum analyzer, for example, t o measure the Fourier components of the phase f l u c t u a t i o n s . A l t e r n a t i v e l y , t h e o u t p u t of the lown o i s e a m p l i f i e r may be fed t o a voltage to frequency converter which i n t u r n i s f e d t o a counter. A f r e - as 60 Hz o r d e t a i l e d s t r u c t u r e e x i s t i n t h e spectrum. The measurement method example o f S t a t u s 3 i n t h e h i e r a r c h y o f T a b l e 1 i s shown i n block diagram i n Figure 2a . As i l l u s t r a t e d , t h e s i gnals from two independent o s c i l l a t o r s a r e f e d i n t o t h e t w o p o r t s o f a double balanced mixer. The d i f f e r e n c e frequency or the beat frequency out, ub, i s obtained as t h e o u t p u t o f a l o w pass f i l t e r which follows the mixer. This beat frequency i s then amplified and fed t o a frequency counter and p r i n t e r o r some recording device. The fractional frequency can simply be obt a i n e d by d i v i d i n g ub, by the nominal carrier frequency u0, l y ( t , r ) ) = ub/vo. This heterodyne or beat frequency method and s l i g h t v a r i a t i o n s o f i t are comnonly used f o r measuring precision oscillators. This method has the advantage of being simple and inexpensive; and s t a t e -o f -t h e -a r t measurement p r e c i s i o n i s achievable. It has the disadvantages that only the magnitude of the frequency difference can be measured; i.e., without additional information one cannot ascertain which o f t h e t w o o s c i l l a t o r s i s h i g h e r o r l o w e r t h a n t h e o t h e r i n frequency. Also, they must be a t d i f f e r e n t frequencies i n o r d e r t o g e t a beat frequency; and t y p i c a l l y , f o r comnon o s c i l l a t o r s i t i s d i f f i c u l t w i t hout special synthesis to make this beat frequency even as high as 1 Hz, hence, frequency sample times are u s u a l l y l i m i t e d t o a b o u t 1 second and longer. Commercial frequency counters cause a dead t i m e i n a data sequence equal t o or greater than the period of the beat frequency. Dead time causes three fundamental problems: 1)
One cannot precisely deduce the time f l u c t u a t i o n s by integrating the frequency;
2 ) I ncreased complications often occur i n t h e s t a b i l i t y a n a l y s i s o f t h e d a t a c a u s i n g i n some instances misleading conclusions; and 3 ) The t i m e r e q u i r e d t o take the data i n order to do a f r e q u e n c y s t a b i l i t y c h a r a c t e r i z a t i o n o f a p a i r o f o s c i l l a t o r s i s o f t e n significantly increased over that necessary with no dead time. Some have used a method o f d a t i n g t h e z e r ocrossings of the beat frequency to successfully avoid the dead time problem.
The measurement method example o f S t a t u s 4 i n t h e hierarchy of Table 1 i s shown i n block diagram i n Figure 2b . It i s e s s e n t i a l l y t h e same as i n Figure 1 , except i n t h i s case t h e l o o p i s i n a t i g h t phase lock condition; i.e., the attack time of the loop should be o f t h e o r d e r o f a few m i l l i s e c o n d s . I n such a case, the phase fluctuations are being integrated so t h a t the voltage output is proportional to the frequency fluctuations relative to the "unlocked" reference o s c i l l a t o r and i s no l o n g e r p r o p o r t i o n a l t o t h e " f r e e running" phase f l u c t u a t i o n s f o r sample times longer than the attack time of the loop.
The bias box i s used to adjust the voltage on a v o l t a g e v a r i a b l e f r equency tuning capacitor (varicap) to a convenient tuning point.
The v o l t a g e f l u c t u a t i o n s p r i o r t o t h e bias box ( b i a s e d s l i g h t l y away from zero) are fed to a voltage to frequency converter which i n t u r n i s f e d t o a frequency counter where the frequency fluctuations can be r e a d w i t h g r e a t a m p l i f i c a t i o n o f t h e i n s t a b i li t i e s between t h i s p a i r o f o s c i l l a t o r s . The frequency counter data are logged with a p r i n t e r o r some o t h e r data logging device.
The c o e f f i c i e n t o f t h e v a r i c a p and t h e c o e f f i c i e n t o f the voltage to frequency conv e r t e r a r e used t o determine the fractional frequency f l u c t u a t i o n s , yi, between the o s c i l l a t o r s , where i denotes the ith measurement as shown i n F i g u r e 2b.
A system s e n s i t i v i t y of a p a r t i n 10" per Hz resolution of the frequency counter i s e a s i l y achievable. This method i s useful for making timedomain measurements o f the frequency fluctuations f o r sample times of the order of one second and longer ( u s u a l l y l i m i t e d i n l o n g -t e r m by the maximum gate time of the frequency counter employed).
Dual Mixer Time Difference System
A block diagram of the dual mixer time difference system i s shown i n F i g u r e 3. L e t us r e s t a t e t h a t i f the time or the time fluctuations can be measured d i r e c t l y an advantage i s obtained over just measuring the frequency, because one can calculate the frequency from the time without dead time as w e l l as know the time behavior. Special laboratory test-sets similar t o t h a t shown i n F i g u r e 3 have been developed i n the past with equivalent time-difference precisions as good as 0.6 picosecond.
[7, 83
The system described i n t h i s s e c t i o n demonstrated a precision of 0.1 picosecond and w i t h t h e p o t e n t i a l o f achieving 0.01 picoseconds (lO-I4s) .
Such precisions open the door to making time measurements as w e l l as frequency and frequency s t a b i l i t y measurements f o r sample times as s h o r t as a few m i l 1 iseconds as we1 1 as f o r l o n g e r sample times and a l l w i t h o u t dead t i m e . I n Figure A phase s h i f t e r may be i n s e r t e d as i l l u s t r a t e d i n Figure 3 to adjust the phase so t h a t t h e two beat frequencies are nominally i n phase; this adjustment sets up t h e n i c e c o n d i t i o n t h a t t h e n o i s e o f t h e common oscillator tends to cancel when t h e t i m e d i f f e r e n c e i s determined i n t h e n e x t s t e p -depending on the level and the type of noise as w e l l as the sample t i m e i nvolved as described below. After amplifying these b e a t s i g n a l s , t h e s t a r t p o r t o f a time interval counter i s t r i g g e r e d w i t h t h e z e r o c r o s s i n g o f one beat and the stop port with the zero crossing of the other beat. I f the phase f l u c t u a t i o n s o f t h e comnon o s c i l l a t o r a r e small during this time interval as compared t o t h e phase f l u c t u a t i o n s between O s c i l l a t o r s 1 and 2 over a f u l l p e r i o d o f t h e nominal beat frequencies, the noise o f t h e comnon o s c i l l a t o r i s i n s i g n i f i c a n t i n t h e measurement noise error budget, which means the noise of t h e common o s c i l l a t o r can be w o r s e t h a n t h a t o f e i t h e r O s c i l l a t o r 1 o r 2 and s t i l l n o t c o n t r i b u t e s i g n i f i c a n t l y . The above c o n d i t i o n w i l l e x i s t if the following equation i s s a t i s f i e d :
Y l Z w h e r e t h e v a r i a n c e s ( o r t h e i r s q u a r e r o o t s ) a r e a s d ef i n e d b y t h e I E E E subcommittee on f r e q u e n c y s
t a b i l i t y [g, l o ] . The l e f t s i d e o f Eq. (2) i s r e p r e s e n t a t i v e o f the phase (time) noise o f t h e comnon o s c i l l a t o r o v e r a t and t h e r i g h t s i d e i s o f t h e c o m b i n e d phase ( t i m e ) n o i s e o f O s c i l l a t o r s
1 and 2 over T .
By t a k i n g t h e t i m e d i f f e r e n c e b e t w e e n t h e z e r o c r o s s i n g s o f t h e s e b e a t f r e q u e n c i e s , w h a t e f f e c t
If t h e f r e q u e n c y d i f f e rence between Oscillators l and 2 i s l a r g e enough t o cause n t o a c c u m u l a t e s i g n i f i c a n t l The f r a c t i o n a l f r e q u e n c y c a n b e d e r i v e d i n t h e normal way f r o m t h e t i m e f l u c t u a t i o n s .
The l a s t e q u a l i t y i n Eq. ( 4 ) i s c o n v e n i e n t f o r u s i n g t h e d i r e c t r e a d i n g s o f t h e t i m e i n t e r v a l c o u n t e r b u t i s n o t v a l i d i f n changes between the i and i f 1 r e a d i n g s . I n Eqs. ( 3 ) and (4), the assumptions are made t h a t t h e t r a n s f e r o r common o s c i l l a t o r i s s e t a t a l o w e r f r e q u e n c y t h a n O s c i l l a t o r s 1 and 2, and t h a t t h e b e a t v1 -vo s t a r t s and w2 -v. s t o p s t h e t i m e i n t e r v a l c o u n t e r .
The sample time by a p p r o p r i a t e c a l c u l a t i o n c a n b e a n y i n t e g e r m u l t i p l e o f I f needed, T can be made t o b e v e r y s m a l l b y h a v i n g v e r y l a r g e b e a t f r equencies. One may r e p l a c e t h e common o r t r a n s f e r osc i l l a t o r w i t h a low phase noise synthesizer, which der i v e s i t s b a s i c r e f e r e n c e f r e q u e n c y f r o m O s c i l l a t o r 2, for example.
I n such a s e t up t h e n o m i n a l b e a t f r eq u e n c i e s a r e s i m p l y g i v e n b y t h e amount t h e o u t p u t f r equency o f t h e s y n t h e s i z e r i s o f f s e t f r o m v2. Sample times as s h o r t as a f e w m i l l i s e c o n d s w e r e e a s i l y obtained. Logging the data at such a r a t e c a n b e a problem without special equipment, e.g., magnetic tape.
The system developed a t t h e N a t i o n a l R e s e a r c h C o u n c i l (NRC) d i f f e r s f r o m t h a t o f t h e N a t i o n a l B u r e a u o f Standards (NBS) i n t h i s r e s p e c t : t h a t t h e t r a n s f e r o s c i l l a t o r i s a l w a y s o f f s e t
500 Hz. To o b t a i n , e.g.. a 1 second averaging time, pulses from a 10 MHz c l o c k a r e g a t e d b y t h e 500 t i m e i n t e r v a l s b e t w e e n l e a d i n g edges o f t h e 500 Hz b e a t s b e f o r e b e i n g f e d i n t o a counter preceded by a d i v i d e b y 5 stage. The counter has two counting registers which are used on a1 t e r n a t e seconds a t t h e end of each second the accumulated c o u n t i s t r a n s f e r r e d t o t h e s t o r a g e and d i s p l a y r e gi s t e r w h i c h i s so a r r a n g e d t h a t i t always displays 200,000.0 picosecond f u l l s c a l e .
The u s e o f t h e d u a l c o u n t e r e l i m i n a t e s dead time between measurements w h i l e t h e u s e o f 500 Hz a l t
h o u g h i t widens the bandw i d t h e l i m i n a t e s p r o b l e m s with s t a b i l i z a t i o n o f dc l e v e l s i n s t a g e s a f t e r t h e f i r s t s q u a r e r . A t NBS a computing counter was used t o a c h i e v e sample t i m e s t a b i l i t i e s as s h o r t as a f e w m i l l i s e c o n d s and w i t h no dead time (see appendix for computing counter program p o s s i b i l i t i e s ) . A c i r c u i t d i a g r a m f o r t h i s d u a l m i x e r t i m e d i f f e r e n c e s y s t e m i s
shown i n F i g u r e 4.
A r e v i e w o f some o f t h e advantages o f t h e d u a l m i x e r t i m e d i f f e r e n c e s y s t e m a r e : I f t h e o s c i l l a t o r s , i n c l u d i n g t h e t r a n s f e r o s c i l l a t o r , and a t i m e i n t e r v a l c o u n t e r a r e a v a i l a b l e , t h e component c o s t i s f a i r l y i n e x p e n s i v e -$500, most o f w h i c h i s t h e c o s t o f t h e phase s h i f t e r ( t h e phase s h i f t e r i s n o t n e c e s s a r y i f t h e n o i s e o f t h e common o s c i l l a t o r i s s u f f i c i e n t l y l o w ) . The measurement system bandwidth i s e a s i l y cont r o l l e d ( n o t e t h a t t h i s s h o u l d be done i n tandem w i t h b o t h l o w p a s s f i l t e r s b e i n g s y m m e t r i c a l ) . The measu r e m e n t p r e c i s i o n i s s u c h t h a t one can measure essent i a l l y a l l s t a t e -o f -t h e -a r t o s c i l l a t o r s . F o r example, i f t h e o s c i l l a t o r s a r e a t 5 MHz, the beat frequencies a r e 0.5 Hz and t h e t i m e i n t e r v a l c o u n t e r e m p l o y e d has a p r e c i s i o n o f 0.1 p , t h e n t h e p o t e n t i a l measurement p r e c i s i o n i s l O -I 4 s (10 femto seconds) for T = 2s; o t h e r t h i n g s may l i m i t t h e p r e c i s i o n s u c h a s n o i s e i n t h e a m p l i f i e r s . T h i s p r e c i s i o n does n o t i m p l y t h a t a b s o l u t e t i m e d i f f e r e n c e s c a n b e m e a s u r e d t h i s w e l l ; c a l i b r a t i n g a l l t h e r e l e v a n t p h a s e d e l a y s l i m i t s t h e t i m e d i f f e r e n c e a c c u r a c y t o t h e o r d e r o f a picosecond. As has been s t a t e d above, t h e r e i s no dead t i m e i n t h e frequency averages (see ref. 10 ) , which i s a d i s t i n c t advantage f o r sample times shorter than a second -a r e g i o n o f sample times where dead time i s d i f f i c u l t t o a v o i d i n m o s t o t h e r measurement methods. The sample t i m e i s c o n v e n i e n t l y s e l e c t a b l e by a d j u s t i n g t h e f r equency o f t h e common o s c i l l a t o r and i s g i v e n by t h e n o m i n a l b e a t p e r i o d o r m u l t i p l e o f t h e same. If one r e p l a c e s t h e common o s c i l l a t o r b y a s y n t h e s i z e r t h e n t h e b e a t p e r i o d may b e s e l e c t e d v e r y c o n v e n i e n t l y . The s y n t h e s i z e r s h o u l d h a v e f a i r l y l o w phase noise t o obt a i n t h e maximum p r e c i s i o n f r o m t h e s y s t e m . If d i sc r e t e s i d e b a n d s e x i s t i n t h e s p e c t r u m , h a v i n q a synt h e s i z e r as t h e comnon o s c i l l a t o r i s a l s o v e r y c o n -
v e n i e n t b e c a u s e b y s e t t i n g t h e b e a t f r e q u e n c y e q u a l t o t h e s i d e b a n d o n e c a n e s t i m a t e t h e s t a b i l i t y as i f the s i d e b a n d w e r e n ' t p r e s e n t ( t h e s i d e b a n d h a s b e e n f i l t e r e d o u t ) . The system measures time difference putting i t i n S t a t u s 1 o f t h e measurement h i e r a r c h y . One may c a l c u l a t e f r o m t h e d a t a b o t h t h e m a g n i t u d e a n d t h e s i g n o f t h e f r e q u e n c y d i f f e r e n c e . T h i s s y s t e m , t h e r e f o r e , a l l o w s t h e measurement o f t i m e f l u c t u a t i o n s as w e l l as t i m e d i f f e r e n c e , and t h e c a l c u l a t i o n o f f r e q u e n c y f l u c t u a t i o n s as w e l l as frequency differences between t h e t w o o s c i l l a t o r s i n q u e s t i o n .
The system may be calibrated and the system noise be measured by s i m p l y f e e d i n g t h e same s i g n a l s y m m e t r i c a l l y s p l i t f r o m one o s c i l l a t o r i n p l a c e o f O s c i l l a t o r s 1 and 2.
A r e v i e w o f t h e d i s a d v a n t a g e s a r e :
The system i s somewhat more complex than the others. Because of the low frequency beats involved, precautions must be taken t o a v o i d g r o u n d l o o p p r o b l e m s ; t h e r e a r e some s t r a i g h tforward solutions; e.g., a s a t u r a t e d a m p l i f i e r f o l l o w e d by a d i f f e r e n t i a t o r a n d i s o l a t i o n t r a n s f o r m e r w o r k e d v e r y w e l l i n avoiding ground loops as shown i n F i g u r e
B u f f e r i n g i s needed on t h e s p l i t o u t p u t s i g n a l s f r o m t h e comnon o s c i l l a t o r because the mixers present a d y n a m i c l o a d t o t h e o s c i l l a t o r -a l l o w i n g t h e p o s si b i l i t y o f c r o s s -t a l k .
The t i m e d i f f e r e n c e r e a d i n g i s modulo the beat period. For example, a t 5 MHz t h e r e i s a 200 nanosecond per cycle ambiguity that must be r
i n F i g u r e 5. One sees again a s i g n i f i c a n t a d v a n t a g e u s i n g t h e d u a l m i x e r t i m e d i f f e r e n c e a p p r o a c h b e c a u s e o f t h e s i g n i f i c a n t number o f decades o f sample time covered. To e s t i m a t e U ( T ) using the beat frequency method i t p l a i n e d i n R e f . Table 2 By u s i n g a l o w -n o i s e s y n t h e s i z e r a s t h e l o c a l o r common o s c i l l a t o r and b y f e e d i n g t h e s i g n a l f r o m a q u a r t z c r y s t a l o s c i l l a t o r s y m m e t r i c a l l y s p l i t i n t o t h e p o r t s f o r O s c i l l a t o r s 1 and 2 o f t h e DMTD system we estimated the measurement noise, and this i s shown i n F i g u r e 6 as a U ( T ) vs T p1 o t . The c u r v e p l o t t e d may be reasonably modeled as:
[ 2 and lo], s i n c e t h i s m e t h o d as i s necessary t o use a s e t o f b i a s f u n c t i o n s a s exd e s c r i b e d i n t h e t e x t g e n e r a t e s d a t a h a v i n g d e a d t i m e , However, i t s h o u l d b e n o t e d t h a t by p r e c i s e l y l o g g i n g t h e d a t e s

i s r e s t r i c t e d t o i n t e g e r p o w e r -l a w s p e c t r a l d e n s i t i e s f o r t h e n o i s
(T i n s e c o n d s ) w i t h s l i g h t e x c e p t i o n s a t s a m p l e t i m e s o f milliseconds, where the measurement system bandwidth was opened from 1.8
Hz up t o 300 Hz, and a t sample t i m e s o f T > 103s where U ( T ) f l a t t e n e d a t s e v e r a l Y p a r t s i n 10"; a p p a r e n t l y some d i u r n a l e f f e c t s w e r e p e r t u r b i n g t h e s y s t e m . F i g u r e 7a i s a p l o t u s i n g t h e DMTD system o f a s t r i p c h a r t r e c o r d i n g o f a d i g i t a l t o a n a l o g o u t p u t o f t h e s i g n i f i c a n t d i g i t s f r o m t h e t i m e i n t e r v a l c o u n t e r b e t w e e n a q u a r t z o s c i l l a t o r a n d a h i g h p e r f o r m a n c e c o m m e r c i a l c e s i u m o s c i l l a t o r . I n o t h e r w o r d s t h i s i s a p l o t o f t h e t i m e d i f f e r e n c e between these two oscillators as a f u n c t i o n o f t i m e . The h i g h f r e q u e n c y f l u c t u a t i o n s ( o v e r f r a c t i o n s o f a second) would most probably be those between the q u a r t z o s c i l l a t o r a n d t h e q u a r t z o s c i l l a t o r i n t h e cesium servo system. The low frequency fluctuations (over seconds) would most probably be those induced by the cesium servo i n i t s e f f o r t t o move t h e f r equency o f i t s q u a r t z o s c i l l a t o r t o t h e n a t u r a l r e s o nance o f t h e c e s i u m atom -causing a random walk o f t h e t i m e f l u c t u a t i o n s f o r s a m p l e t i m e s l o n g e r t h a n t h e s e r v o a t t a c k t i m e . F i g u r e 7b shows a s i m i l a r p l o t o b t a i n e d w i t h t h e NRC system f o r t h e phase d i f f e r e n c e between the NRC standard CS V and a s i m i l a r c e s i u m Y o s c i l l a t o r as i n F i g u r e 7a. The a v e r a g i n g t i m e s o f 1 second causes, o f c o u r s e , much coarses steps although t h e g e n e r a l s h a p e o f t h e c u r v e s i s s i m i l a r . o s c i l l a t o r s as f o r FYgure 7a u s i n g t h e DMTD system. The p l o t c o n t a i n s a l o t o f i n f o r m a t i o n :
The measurem e n t n o i s e o f t h e d u a l m i x e r s y s t e m i s i n d i c a t e d . One c a n s e e t h e s h o r t t e r m s t a b i l i t y p e r f o r m a n c e o f t h e q u a r t z o s c i l l a t o r s f o r T 5 1 S. One can see a l i t t l e b i t o f 60 Hz p r e s e n t as i n d i c a t e d by s l i g h t l y i n c r e a s e d values of 0 ( T ) a t 1 / 2 and 3/2 of T = 1/60 Hz. One o b s e r v e s t h g a t t a c k t i m e o f t h e s e r v o i n t h e c e s i u m e l e c t r o n i c s p e r t u r b i n g t h e s h o r t t e r m s t a b i l i t y o f t h e q u a r t z o s c i l l a t o r a n d d e g r a d i n g i t t o t h e l e v e l o f t h e shot noise of the cesium resonance for 10
The w h i t e n o i s e f r e q u e n c y m o d u l a t i o n c h a r a c t e r i s t i c then becomes the predominant power law causing U ( T ) t o i m p r o v e a s T -' / ' u n t i l t h e f l i c k e r f l o o r o f t h e q u a r t z c r y s t a l o s c i l l a t o r , i n t h i s c a s e 6 p a r t s i n becomes t h e p r e d o m i n a n t n o i s e s o u r c e f o r T >-10' S . Thus, u s i n g t h i s p a r t i c u l a r measurement system on t h i s p a i r of p r e c i s i o n f r e q u e n c y s t a n d a r d s , t h e i r s t a b i l i t i e s were well characterized for sample times of a few m i l l i s e c o n d s a l l t h e way o u t t o 1000 seconds. Longer s a m p l e t i m e s a r e o f c o u r s e e a s i l y a c h i e v a b l e -p a t i e n c e i s t h e m a i n i n g r e d i e n t ! F i g u r e 8 i s a U (T) vs T p l o t o f t h e same p a i r o f Y F i g u r e 9 i s an example o f where the common o r t r a n sf e r o s c i l l a t o r was known t o be about 5 times worse i n f r e q u e n c y i n s t a b i l i t y t h a n t h e t w o o s c i l l a t o r s b e i n g measured. The common o s c i l l a t o r was a high performance commercial cesium beam frequency standard and t h e o s c i l l a t o r s b e i n g measured were primary frequency standa r d s a t NBS (NBS-4 and NBS-5). Using the DMTD method and having the phase relationship between the beat freq u e n c i e s n e a r e n o u g h c o i n c i d e n t t o s a t i s f y Eq. ( 2 ) , one may deduce t h a t t h e l o n g t e r m f r a c t i o n a l f r e q u e n c y s t a b i l i t y o f NBS-4 o r NBS-5 was b e t t e r t h a n 1 x f o r U (T), T = 1 day.
Y Conclusions
Using low noise techniques one can measure the t i m e a n d / o r f r e q u e n c y p e r f o r m a n c e c h a r a c t e r i s t i c s o f state-of-the-art frequency standards and clocks. It has been shown t h a t i n p r a c t i c e when making measurements between a p a i r o f c l o c k s o r o s c i l l a t o r s , t h e g r e a t e s t d e g r e e o f f l e x i b i l i t y i s a c h i e v e d i n d a t a a n a l y s i s i f the time-difference can be measured with a d e q u a t e p r e c i s i o n .
A symnetric dual mixer time d i f f e r e n c e s y s t e m was d e m o n s t r a t e d w h i c h f u l f i l l e d t h i s maximum f l e x i b i l i t y . A s i g n i f i c a n t v a r i e t y o f a l t e rn a t i v e s e x i s t w h i c h c o u l d f r u i t f u l l y e m p l o y t h i s s y s t e m . For example, i f t h e common o s c i l l a t o r i n v o l v e d c o u l d be s y n t h e s i z e d i n t e r n a l t o t h e s y s t e m , and t h e t i m e d i f f e r e n c e d e v i c e c o u l d be a l s o c o n s t r u c t e d i n t e r n a l t o t h e s y s t e m , t h e s e c o u p l e d w i t h a micro-processor and a p p r o p r i a t e p e r i p h e r a l s c o u l d make a very powerful state-of-the-art frequency and time standards data a c q u i s i t i o n a n d a n a l y s i s s y s t e m . The b e a t s i g n a l s t h e n c o u l d be m u l t i p l e x e d i n t o a t i m e i n t e r v a l c o u n t e r o r i n t o a p r e c i s e d a t i n g d e v i c e and t h e d a t a t h u s o b t a i n e d a t r e g u l a r i n t e r v a l s w o u l d be u s e f u l i n a timekeeping s y s t e m w i t h s e v e r a l c o n t r i b u t i n g c l o c k s .
A phase ( o r t i m e ) f l u c t u a t i o n measurement system. The r e f e r e n c e o s c i l l a t o r i s l o o s e l y p h a s e -l o c k e d t o t h e t e s t o s c i l l a t o r -a t t a c k t i m e i s a b o u t 1 second. The r e f e r e n c e a n d t e s t o s c i l l a t o r s a r e f e d i n t o t h e t w o p o r t s o f a S c h o t t k y b a r r i e r d i o d e d o u b l e b a l a n c e d m i x e r whose o u t p u t i s f e d t h r o u g h a low pass f i l t e r and l o w n o i s e a m p l i f i e r , a b a t t e r y b i a s b o x a n d t o t h e v a r i c a p o f t h e r e f e r e n c e o s c i l l a t o r . The i n s t a n taneous o u t p u t v o l t a g e o f the phase locked loop (PLL) f o l l o w i n g t h e l o w n o i s e a m p l i f i e r w i l l be p r o p o r t i o n a l t o t h e p h a s e o r t i m e f l u c t u a t i o n s b e t w e e n t h e t w o o s c i l l a t o r s w h i c h i s u s e f u l f o r t i m e s s h o r t compared t o t h e a t t a c k t i m e o f t h e s e r v o . A time difference and time fluctuation measurement system. The low pass filters (LPF) determine the measurement system bandwidth and must pass the difference frequencies which are depicted by the solid-line and dashed-line sinusoids at the bottom of the figure. The positive going zero volts crossing o f these difference (beat) frequencies are used to start and stop a time interval counter after suitable low noise amplification. The ith time difference between Oscillator 1 and 2 is the At(i) reading of the counter divided by TW and plus any phase shift added, 4, where U v1 = u p is the nominal carrier frequency. The frequency difference is straight forwardly calculated from the time difference values. tr.qumcy-domin to tho-dollsin for c-n kinds of i n t e g e r power width. law s p e c t r a l d c n s i t i e s ; f h ( -yh/Zn) is t h e w a s u r e n c n t s y s t e m b m d -
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